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SUMMARY

Acylation of biomolecules (e.g., proteins and small molecules) is a
process that occurs in cells of all domains of life and has emerged
as a critical mechanism for the control of many aspects of cellular
physiology, including chromatin maintenance, transcriptional
regulation, primary metabolism, cell structure, and likely other
cellular processes. Although this review focuses on the use of
acetyl moieties to modify a protein or small molecule, it is clear
that cells can use many weak organic acids (e.g., short-, medium-,
and long-chain mono- and dicarboxylic aliphatics and aromatics)
to modify a large suite of targets. Acetylation of biomolecules has
been studied for decades within the context of histone-dependent
regulation of gene expression and antibiotic resistance. It was not
until the early 2000s that the connection between metabolism,
physiology, and protein acetylation was reported. This was the
first instance of a metabolic enzyme (acetyl coenzyme A [acetyl-
CoA] synthetase) whose activity was controlled by acetylation via
a regulatory system responsive to physiological cues. The above-
mentioned system was comprised of an acyltransferase and a part-
ner deacylase. Given the reversibility of the acylation process, this
system is also referred to as reversible lysine acylation (RLA). A
wealth of information has been obtained since the discovery of
RLA in prokaryotes, and we are just beginning to visualize the
extent of the impact that this regulatory system has on cell func-
tion.

INTRODUCTION

Posttranslational modifications (PTMs) are important for the
regulation of protein structure and function (1). These mod-

ifications allow organisms to rapidly respond and adapt to chang-
ing environmental conditions, forgoing the need to transcribe and
translate new proteins by simply modifying the function of exist-
ing proteins. Examples of PTMs include acetylation (2), glycosy-
lation (3), lipidation (4), methylation (5), S-nitrosylation (6),
phosphorylation (7, 8), succinylation (9), ubiquitinylation (10),
adenylylation and phosphocholinylation (11), ADP-ribosylation

(12), serine/threonine O-acetylation (13), proteolysis (14–16),
and others.

Protein acylation is a broadly distributed PTM in prokaryotes.
This review focuses on reversible acetyl coenzyme A (acetyl-CoA)-
dependent, enzyme-driven protein acetylation, which is broadly
distributed in all domains of life. Protein acetylation can occur at
the N terminus on the alpha amino group (N�-acetylation) or the
epsilon amino moiety of lysyl side chains (Nε-acetylation) (Fig. 1).
Notably, N�-acetylation can occur co- or posttranslationally, al-
ters protein stability, and is typically irreversible (17, 18). In con-
trast, Nε-acetylation can modify protein structure and function
and typically is reversible by a deacetylase (Fig. 2).

Discovery of Protein Acetylation

Lysine acetylation was first reported in the 1960s as a modification
of the lysine-rich N-terminal tails of eukaryotic histones (2). His-
tones are protein components of chromatin, the compact DNA
structure in eukaryotes, and acetylation of these proteins is tightly
controlled. Histone acetylation is carried out by histone acetyl-
transferases (HATs), and is associated with decreased DNA bind-
ing due to the loss of interactions between the epsilon amino (Nε)
group of lysines and the phosphate anions of the DNA strands.
Acetylation of the Nε group of lysines effectively neutralizes the
positive charge of lysine, relaxing histone/DNA interactions and
hence providing an opportunity for the transcriptional machinery
to decode genes that otherwise would be unavailable (19, 20). In
eukaryotes, the tumor suppressor protein p53 was the first mam-
malian transcription factor shown to be regulated by acetylation
(21). Now, there are �100 transcription factors have been identi-
fied as acetylation targets (22).

As mentioned above, reversible lysine acylation (RLA) was dis-
covered in prokaryotes in the early 2000s (23, 24), and this discov-
ery led to a rapid expansion of the role of acylation, specifically
acetylation, in prokaryotic cell physiology. Subsequently, RLA has
been observed in bacteria, archaea, and eukaryotes (25), and it is
now clear that many nonhistone proteins are also posttranslation-
ally regulated by RLA.
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At present, RLA is known to affect the function of diverse cel-
lular processes, including chromatin maintenance (26), regula-
tion of gene expression (27), metabolism (28–31), and cell struc-
ture (32). RLA exerts its effects by modulating DNA binding,
protein-protein interactions, enzyme activity, substrate binding,
and protein stability (33, 34).

Studies have shown that a variety of proteins are regulated by
RLA, including the metabolic enzymes acetyl-CoA synthetase (23)
and phosphoenolpyruvate carboxykinase (35), the M2 isoform of
pyruvate kinase (36), phosphoglycerate mutase 1 (37), and the
structural protein �-tubulin, a subunit of microtubules (38).
Acetylation has been suggested to rival phosphorylation in both its
prevalence and diversity of target substrates (39).

LYSINE ACETYLTRANSFERASES

Diversity

There are three classes of lysine (Lys [K]) acetyltransferases (LATs)
(also known as KATs) that catalyze the transfer of the acetyl moi-
ety from acetyl-CoA to the ε-amino group of lysine side chains
(Fig. 3). These classes of LATs comprise a large and diverse set of
enzymes named after their founding member(s), including (i) the
Gcn5-related N-acetyltransferase (GNAT) family (named after
the yeast Gcn5 protein [Pfam 00583]), (ii) the MYST family
(named after human MOZ, yeast Ybf2/Sas3, yeast Sas2, and hu-
man Tip60 [Pfam 01853]), and (iii) the p300/CBP family (named
after human hp300 and hCBP [Pfam 06466]). The above-men-
tioned enzyme families differ in sequence similarity, domain or-
ganization, substrate specificity, and catalytic mechanism (40–
48). The MYST and p300/CBP families are present only in
eukaryotes, while the GNAT family is present in all domains of
life.

Conservation of the Acetyl-CoA Binding Domain

Regardless of their mechanistic differences, acetyltransferases
contain a conserved core domain which binds to acetyl-CoA
through interactions with the pyrophosphate and pantothenate
moieties (41, 47, 49–52; reviewed in references 42 and 53). Neither
the adenine base nor the acetyl moiety significantly contributes to
binding the core domain. Due to this binding mode, acetyltrans-
ferases bind acetyl-CoA with high affinity but low specificity (54,
55), allowing for recognition of various acyl-CoA thioesters as well
as free coenzyme A (CoASH). Their specificity is then due to their
structurally divergent N- and C-terminal domains outside the
core domain (49). In some cases, other acyl-CoA thioesters, such
as propionyl-CoA and succinyl-CoA, are physiologically relevant
substrates (43, 56, 57) and are discussed in more detail below.

Mechanisms of acetylation. The mechanism of transfer of acyl
moieties used by the GNAT and MYST families involves a catalytic
glutamate residue that acts as a general base, facilitating a water-
mediated proton abstraction from the side chain of the substrate
lysine (45, 49, 53, 58) (Fig. 4). The lysine amine group initiates a
nucleophilic attack on the carbonyl carbon of the acetyl moiety of
CoA, allowing the direct transfer of the acyl group to the substrate
lysine. Members of the MYST family employ either a catalytic
mechanism similar to that of GNATs or a ping-pong mechanism

FIG 1 Schematic of Nε- and N�-acetylation. Protein acetylation can occur via
two methods, acetylation of the ε-amino group of internal lysine residues
(Nε-acetylation) (red) (A) or acetylation of the N-terminal �-amino group
(N�-acetylation) (blue) (B). Nε-Acetylation occurs posttranslationally, can
be reversible, and can alter protein structure and function. N�-Acetylation
occurs co- or posttranslationally, is typically not reversible, and alters pro-
tein stability.

FIG 2 RLA schematic. A protein substrate (form 1) is modified by a protein
lysine acetyltransferase (Pat) (of the GNAT family), resulting in the acetylated
protein (form 2). This modification is reversible, either by a NAD�-consum-
ing class III sirtuin deacetylase, CobB, or a Zn(II)-dependent protein deacety-
lase. The sirtuin deacetylase uses NAD� as a substrate and not as a coenzyme.
Sirtuins modify the carboxyl group of the ribose of the NMN moiety of NAD�,
simultaneously releasing nicotinamide (Nm). The resulting by-product is O-
acetyl-ADP-ribose (O-AADPR).

FIG 3 Acyltransferase nomenclature and classification. Abbreviations: LAT/
KAT, lysine (K) acetyltransferase; GNAT, Gcn5 N-acetyltransferase; HAT, his-
tone acetyltransferase; CAT, chloramphenicol acetyltransferase; aaAT, aryl-
amine acetyltransferase; ssAT, spermine/sperimidine acetyltransferase; Other,
unclassified acetyltransferase; Nε, acetylation of the epsilon amino group of a
lysine; N�, acetylation of the alpha amino group of any N-terminal amino acid.
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(also known as a double-displacement mechanism) involving an
acetylated enzyme intermediate (46). Members of the p300/CBP
family are structurally distinct and do not use a catalytic base to
initiate the transfer of the acyl moiety (47). Instead, it appears that
the p300/CBP family uses a Theorell-Chance mechanism, a se-
quential mechanism that does not form a stable ternary complex
(47).

Bacterial Gcn5-Related N-Acyltransferases

The GNAT family is conserved among archaea, bacteria, and eu-
karyotes (24, 53, 59). All known bacterial lysine acetyltransferases
identified to date belong to the GNAT superfamily (60). Despite
having low sequence homology, GNATs share a conserved cata-
lytic fold and can acetylate both protein and small-molecule sub-
strates (53). The first bacterial GNATs were characterized as ami-
noglycoside N-acetyltransferases from Enterococcus faecium (61)
and Serratia marcescens (62), demonstrating that GNATs acetylate
diverse substrates, ranging from histones to antibiotics (2, 62, 63).

Utilization of alternative acyl-CoA substrates. Modifications
of the Nε amino group of lysine by propionyl, malonyl, succinyl,
and butyryl moieties have also been demonstrated for metabolic
enzymes, transcription factors, and histones in both bacteria and
eukaryotes (56–58, 64, 65). For example, in Salmonella enterica,
the activity of propionyl-CoA synthetase (PrpE) is controlled by
propionylation (56). Both lysine propionylation and butyrylation
have also been identified as reversible modifications that occur on
histones (57, 66), expanding the range of GNAT-mediated regu-
lation through their ability to utilize various acyl-CoA substrates.

Overview of GNAT structures. GNATs comprise one of the
largest enzyme superfamilies identified thus far (�10,000 mem-
bers), and dozens of GNAT structures have been resolved and are
available from the RCSB Protein Data Bank (PDB) (http://www
.rcsb.org/pdb/home/home.do). Despite having low to moderate
primary sequence homology, GNATs contain a core catalytic do-
main that is structurally well conserved (Fig. 5A and B). The
GNAT domain contains a central �-sheet (six antiparallel strains)
composed of four distinct motifs, motifs A (�4,�3), B (�5,�4), C
(�1,�1-2), and D (�2-3), which were originally identified by se-
quence similarity (67). Motif A has the highest conservation and is
important for acetyl-CoA binding and catalysis (reviewed in ref-
erences 53 and 54).

Abundance and distribution of GNATs. The number of GNATs

present in a given organism varies, with the majority of commonly
studied organisms encoding �20 to 25 GNATs. As an example of
the diversity and abundance of GNATs, the Gram-positive, intra-
cellular pathogen Listeria monocytogenes encodes �14 GNATs,
the purple nonsulfur alphaproteobacterium Rhodopseudomonas
palustris encodes �26 GNATs, and the Gram-positive actinomy-
cete Streptomyces lividans encodes �72 putative GNATs. The ma-
jority of these GNATs are uncharacterized, with no known func-
tion. See Table 1 for an overview of the number of GNATs present
in commonly studied prokaryotes. The sheer prevalence of
GNATs raises many questions regarding the physiological role
and substrate specificity of these enzymes. It could be speculated
that the range of GNATs that an organism encodes may be driven
by the diversity of the environments inhabited.

Diversity of domain organization of GNAT protein acetyl-
transferases. Protein acetyltransferases of the GNAT family ex-
hibit a diverse domain architecture, four of which have been stud-
ied and are discussed (Fig. 6).

The S. enterica Pat (SePat) enzyme, the first enzyme of type I to
be discovered (24), has homologues in Escherichia coli (EcPka), R.
palustris (RpPat), Vibrio species, and cyanobacteria, among oth-
ers. These SePat homologues are comprised of two distinct do-
mains, a large (�700-residue) N-terminal domain and the cata-
lytic GNAT domain (�200 residues) at the C terminus (68, 69).
Although the function of the large N-terminal domain of Pat en-
zymes remains largely unclear, insights into its relevance to Pat
function have been reported (70, 71). Briefly, results obtained
from in vitro and in vivo analyses of single-amino-acid SePat vari-
ants showed that such variants had low enzymatic activity (70).
Furthermore, results from recently reported structural work
aimed at understanding the substrate specificity of Pat enzymes
suggested that in the absence of the large domain of Pat, the cata-
lytic domain of the enzyme inefficiently interacts with its protein
substrate (71). Whatever the role of the N-terminal domain may
be, it is likely to also play a role in sensing acetyl-CoA. This con-
clusion was drawn on the basis of results from isothermal calorim-
etry experiments, which showed that SePat binds two molecules of
acetyl-CoA: one binds to the N-terminal domain, and the other
one binds to the catalytic domain (70, 72–77).

Streptomyces lividans encodes a type II protein acetyltrans-
ferase (SlPatA), in which the domain order is reversed relative to

FIG 4 Acetylation mechanism of GNATs. The GNAT acetylation mechanism involves a catalytic glutamate that acts a general base, facilitating a water-mediated
proton abstraction from the side chain of the substrate lysine. The ε-amino group of lysine performs a nucleophilic attack on the carbonyl carbon of the acetyl
moiety of CoA, allowing direct transfer of the acetyl group to the lysine side chain.
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the domain order observed in SePat, EcPka, and RpPatA; that is, in
SlPatA, the GNAT catalytic domain is located at the N terminus,
and the large domain of unknown function is located at the C
terminus (31). Other members of the actinomycetes, as well as the
archaeon Archaeoglobus fulgidus, exhibit the same domain orga-
nization. Notably, the SlPatA large domain contains a proline-rich
region that includes a degenerate collagen-like GPS motif. The
role of the degenerate collagen-like GPS has not been established,
and the presence of this additional feature of SlPatA may suggest
that the regulation of this enzyme is more complicated than the
regulation other Pat homologues.

The large domains of type I and type II Pat enzymes share
homology with ADP-forming acyl-CoA synthetases (Pfam 13380)
that catalyze the following reaction: free acid � ATP � CoAº
acyl-CoA � ADP � Pi. ADP-forming acyl-CoA synthetases have
been characterized in archaea and protists (75–77). In spite of this
homology, no catalytic activity has been attributed to the N-ter-
minal domain of type I or type II GNATs (73, 74).

Mycobacterium tuberculosis and Mycobacterium smegmatis
each encode a type III two-domain protein acetyltransferase
(MtPatA and MsPatA, respectively) in which the C-terminal
GNAT domain is fused to an N-terminal cyclic AMP (cAMP)
binding regulatory domain (discussed in more detail below).

Several prokaryotes encoding single-domain type IV GNAT
protein acetyltransferases have been characterized. These enzymes

are substantially smaller (�200 residues) than the large two-do-
main Pat homologues (�800 to 1,100 residues), yet they appear to
perform similar functions. Single-domain GNATs have been
identified and characterized in Bacillus subtilis (BsAcuA) (30, 78),
R. palustris (RpKatA) (28), and the archaeon Sulfolobus solfatari-
cus (SsPat) (79). The range of domain architectures and organiza-
tions in the bacterial and archaeal GNATs reveals that lysine acet-
ylation is most likely regulated by diverse signals within these
organisms.

A word of caution about the nomenclature of Pat enzymes.
The reader should be cautioned about the “Pat” abbreviation be-
ing used to name acetyltransferases that do not belong to the type
I, type II, or type III protein acetyltransferases. As a case in point,
the Pat enzyme from Sulfolobus solfataricus (SsPat) (PDB acces-
sion number 3F8K) is only 160 residues long (73, 74). Such a
length is substantially shorter than the typical length of type I Pat
enzymes, which are between 850 and 1,100 residues long. The
SsPat enzyme actually is a type IV lysine acetyltransferase.

Known GNAT functions in Escherichia coli and Salmonella
enterica. The model organisms E. coli and S. enterica encode �26
GNAT homologues, only half of which have known or predicted
functions (Table 2). These GNATs target primary amines (80, 81),
including the N termini of proteins (82, 83), aminoglycoside an-
tibiotics (63), polyamines (84), a nucleotide sugar (85), glutamate
(86), toxic aminoacyl nucleotides (87), and transfer RNAs (88).

FIG 5 GNAT and sirtuin structural overview. GNAT domains are comprised of a central �-sheet and contain four motifs (motifs A [gold], B [blue], C [red], and
D [green]). (A and B) Examples of GNAT structures. (A) TtGcn5 is shown with an H3 11-mer peptide substrate (purple sticks). (B) SeAAC(6=) is shown in
complex with its substrate kanamycin (purple sticks), and CoA is shown in black sticks. (C and D) Examples of sirtuin structures. These enzymes contain a
Rossmann fold domain (blue) and a variable Zn(II) binding domain (green) [with Zn(II) shown as a gray sphere]. The binding sites for NAD� (gold) and the
acetyllysine substrate (red sticks, with lysine in black sticks) are located in a cleft between the two domains (C). The products of the reaction, nicotinamide (red
sticks) and ADP-ribose (gold sticks) are shown (D). (C) Thermotoga maritima Sir2 (TmSir2) is shown with a peptide substrate (red sticks). (D) AfSir2 from the
archaeon Archaeoglobus fulgidus is shown. PDB accession numbers are as follows: 1QSN (A), 2QIR (B), 2H4F (C), and 1YC2 (D).
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Three GNAT enzymes, RimI, RimJ, and RimL, acetylate the
�-amine group at the N terminus of the ribosomal proteins S18,
S5, and L12, respectively (89, 90). The EcYncA homologue of S.
enterica (SeMddA) was recently shown to acetylate and detoxify
oxidized methionine derivatives (e.g., methionine sulfoximine
and methionine sulfone) (91). Pka is the only identified protein
lysine acetyltransferase (Pat in S. enterica) (24, 92) (discussed in
more detail below). Two other E. coli GNATs appear to modify
proteins through unusual mechanisms. Aat is a leucyl, phenylala-
nyl-tRNA-protein transferase that modifies proteins targeted for
degradation through the N-end rule degradation pathway by the

attachment of a leucine or phenylalanine to lysyl and arginyl res-
idues (93, 94). In S. enterica, a GNAT homologue known as
PanM (formerly YhhK) promotes cleavage and maturation of
the L-aspartate-�-decarboxylase zymogen (pro-PanD), an en-
zyme of the coenzyme A biosynthetic pathway (14, 15). PanZ, the
PanM homologue in E. coli, performs the same function in this
bacterium (95, 96).

LYSINE DEACETYLASES

N-Lysine protein acetylation is reversible by protein deacetylases,
which, for historical reasons, are referred to as histone deacety-
lases (HDACs) (Pfam 08295). Members of four HDAC families
catalyze N-lysine deacylation. The related class I, II, and IV
HDACs do not require cofactors and catalyze lysine deacylation
via hydrolysis of the acyl group (Pfam 08295) (55, 97) (Fig. 7A). In
contrast, class III HDACs, commonly referred to as sirtuins (Pfam
02416), are a mechanistically distinct family of NAD�-dependent
deacetylases (97, 98) (Fig. 7B). The name sirtuin refers to any
protein that is homologous to the yeast SIR2 protein. Bacteria and
archaea typically encode one to two sirtuin homologues, whereas
eukaryotes encode several, with human cells encoding seven (59,
99) (Table 1).

Zinc-Dependent Histone (Lysine) Deacetylases

HDACs belonging to class I, II, and IV families also deacetylate
nonhistone protein substrates and therefore are referred to as
lysine deacetylases (reviewed in references 100 and 101). The core
feature of the HDAC structure is an �/� deacetylase fold com-
prised of an 8-stranded parallel �-sheet in which conserved resi-
dues coordinate a Zn(II) ion required for catalysis. Catalysis is
mediated by a histidinyl residue, which acts as a general base and,
in conjunction with the Zn(II) ion, activates a metal-bound water
molecule that triggers a nucleophilic attack on a carbonyl group of
the substrate. HDACs are unique in their ability to catalyze the
deacetylation of both protein and small-molecule substrates (Fig.
7). R. palustris (LdaA) and B. subtilis (AcuC) proteins are exam-
ples of bacterial HDACs that deacetylate proteins and are dis-
cussed below.

NAD�-Dependent Sirtuin Deacetylases

Although described as deacetylases, some sirtuins have depropio-
nylase activity (56, 57, 102). In eukaryotes, certain sirtuins have
also been shown to have protein desuccinylation (103, 104) and
demalonylation (105) activities and are thought to play a critical
role in mitochondrial metabolism (reviewed in references 106 and
107). The ability of sirtuins to deacylate a variety of modifications
correlates with the ability of their partner GNATs to utilize alter-
native acyl-CoA donors. This provides a mechanism with a wider
range of modifications available to the cell to maintain homeosta-
sis under diverse physiological conditions in response to environ-
mental changes.

Sirtuins hydrolyze NAD�. Due to their requirement for NAD�,
sirtuin deacetylases have garnered a great deal of interest for their
ability to “sense” and respond to NAD� levels, which in turn
reflect the cellular energy status (108, 109). Deacetylation is an
energetically favorable process and can be catalyzed by the class I,
II, and IV deacetylases without cofactors. It is therefore of interest
that sirtuins (class III) hydrolyze NAD� in the course of the
deacetylation reaction, an essential metabolic cofactor (110, 111).
The resynthesis of NAD� from the hydrolysis products requires

TABLE 1 Representative frequency of prokaryotic RLA components

Organism

No. of RLA components
present

GNATs Sirtuins HDACs

Archaea
Methanococcus maripaludis 5 0 0
Pyrococcus furiosus 7 1 1
Sulfolobus solfataricus 8 1 3

Bacteria
Actinobacteria

Mycobacterium tuberculosis 19 1 0
Streptomyces coelicolor 72 2 1

Bacteriodetes
Bacteroides thetaiotaomicron 8 1 0

Deinococcus-Thermus
Thermus thermophilus 9 1 3

Firmicutes
Bacillus subtilis 28 1 1
Clostridium difficile 24 1 0
Geobacillus kaustophilus 9 2 0
Lactobacillus casei 32 1 0
Listeria monocytogenes 14 1 0
Staphylococcus aureus 29 1 1
Streptococcus pneumoniae 22 0 0

Alphaproteobacteria
Caulobacter crescentus 26 1 3
Rhodopseudomonas palustris 24 1 1
Ruegeria sp. strain TM1040 25 1 2

Betaproteobacteria
Bordetella pertussis 12 1 1
Neisseria meningitidis 7 0 1

Deltaproteobacteria-Epsilonproteobacteria
Campylobacter jejuni 4 1 0
Helicobacter pylori 11 1 0
Myxococcus xanthus 47 1 3

Gammaproteobacteria
Erwinia amylovora 19 1 0
Escherichia coli 26 1 0
Francisella tularensis 5 0 0
Haemophilus influenzae 3 2 0
Legionella pneumophila 18 0 0
Proteus mirabilis 13 1 0
Pseudomonas aeruginosa 22 2 0
Salmonella enterica 26 1 0
Shigella flexneri 21 1 0
Vibrio cholerae 31 1 2
Yersinia pestis 14 1 0

Spirochaetes
Borrelia burgdorferi 1 0 0
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�8.2 kcal/mol of energy and is energetically expensive (110, 112).
It stands to reason that there is a compelling reason to tie NAD�

levels to sirtuin activity (i.e., protein acetylation state) (109).
Sirtuin reaction mechanism. Sirtuin deacetylases have an un-

usual catalytic mechanism that uses NAD� not as a cofactor but as
a cosubstrate that is cleaved during the deacylation reaction, yield-
ing O-acyl-ADP-ribose (O-AADPR) (97, 113–116). Sirtuin-cata-
lyzed deacetylation is initiated by the binding of NAD� to the
catalytic site. The formation of an imidate intermediate occurs
through one-step ADP-ribosylation and an inversion of configu-
ration (reviewed in reference 117) (Fig. 7). The inversion of con-
figuration was predicted by the original discovery that sirtuins
were enzymes that used pyridine nucleotides as substrates (98).
The reaction of the coenzyme B12 biosynthetic pathway in S. en-
terica that is also performed by the CobB sirtuin proceeds via a
nucleophilic attack inverting the configuration of the N-glycosidic
bond between the base and the ribosyl moiety of the pyridine

nucleotide cosubstrate (117). The products formed from the
deacetylation reaction are (i) the deacylated protein, (ii) nicotin-
amide, and (iii) O-acyl-ADP-ribose. The O-acyl-ADP-ribose by-
product is generated through the mono-ADP-ribosylation of the
removed acyl group (102, 116, 118, 119).

Physiological importance of O-acetyl-ADP-ribose. The phys-
iological role of O-AADPR in prokaryotes is unknown, but some
information about its metabolism in eukaryotic systems has been
reported. In eukaryotes, O-AADPR may act as a signaling mole-
cule and may regulate gene silencing, ion channel gating, and re-
dox regulation (118, 120). There are several eukaryotic enzymes
identified as utilizing O-AADPR as a substrate, including two
NUDIX (nucleoside diphosphate linked to X) hydrolases (Ysa1
from yeast and NudT5 from mouse) (121), ADP-ribosyl hydro-
lase (ARH3 from human) (122), and two enzymes with unchar-
acterized activities, including an esterase and a nuclear acetyl-
transferase (from yeast and human) (121). These enzymes utilize
O-AADPR in various ways, generating O-acetyl-ribose-phosphate
and AMP (Ysa1 and NudT5), acetate and ADP-ribose (ARH3;
esterase), or an unknown acetylated product and ADP-ribose (nu-
clear acetyltransferase). More work is needed to elucidate the role
of O-AADPR in prokaryotic physiology.

Effect of the NAD�/NADH ratio on sirtuin function. Both
NADH and nicotinamide have been reported to inhibit sirtuin
function and may play a role in the regulation of sirtuin activity
(123–125). Nicotinamide condenses with an ADP-ribose (ADPr)-
like intermediate formed during the deacetylation reaction, which
prevents the reaction from moving forward (109) and inhibits
sirtuin activity noncompetitively at concentrations consistent
with physiological nicotinamide levels (30 to 200 �M) (113, 126–
130).

In contrast, NADH competitively inhibits sirtuin activity, with
reported Ki values in the submillimolar-to-millimolar range, con-
sistent with physiological NADH levels (97, 108, 123, 131, 132).
Sirtuin activity varies with the NAD�/NADH ratio. A high
NAD�/NADH ratio indicates that the cell is efficiently oxidizing
NADH back to NAD�, implying, among other things, that a

FIG 6 Diversity in the domain organization of prokaryotic protein acetyltransferases. GNAT protein acetyltransferases characterized to date exhibit different
domain organizations: an N-terminal domain of unknown function homologous to an ADP-forming acyl-CoA synthetase domain fused to a C-terminal GNAT domain
(type I); an N-terminal GNAT domain fused to a C-terminal domain of unknown function homologous to an ADP-forming acyl-CoA synthetase domain, which
contains a GPS motif, a 37-aa-long, degenerate proline-rich domain typically found in collagen (250) (type II); a GNAT domain fused to an N-terminal cAMP
binding domain (type III); and a single GNAT domain (type IV).

TABLE 2 Roles of E. coli Gcn5 N-acetyltransferases

Protein Function Reference(s)

Aat Leucyl, phenylalanyl-tRNA-protein
transferase

93

ArgA Glutamate acetyltransferase 86
PanM/PanZ PanD maturation factor 14
PhnO Aminoalkylphosphonic acid acetyltransferase 251
Pka/YfiQ/Pat N-Lysine protein acetyltransferase 24
RimI S18 ribosomal protein acetyltransferase 89
RimJ S5 ribosomal protein acetyltransferase 89
RimL L12 ribosomal protein acetyltransferase 90
SpeG Spermidine acetyltransferase 84
TmcA tRNAMet cytidine acetyltransferase 88
WecD dTDP-fucosamine acetyltransferase 85
YhhY Aminoacyl nucleotide acetyltransferase 87
YncA/MnaT Putative methionine sulfoximine/sulfone

acetyltransferase
91, 252

YafP Possible nitroaromatic compound
acetyltransferase

253
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strong proton motive force is being generated under such condi-
tions. A strong proton motive force results in high ATP levels and
a concomitant increase in the demand for acetyl-CoA for anabolic
purposes. If, under such conditions, acetate is present in the envi-
ronment, the cell can activate it to acetyl-CoA by using the acetyl-
CoA synthetase (Acs), an enzyme known to be under RLA control
(discussed further below) (23). Acetylated Acs is inactive; hence,
the ratio of acetylated (inactive) to deacetylated (active) Acs would
be expected to be low when the NAD�/NADH ratio is high, since
NAD� would be available for sirtuin to deacetylate (i.e., activate)
acetylated Acs (132). The NAD�/NADH ratio is known to fluctu-
ate with metabolism; thus, changes in this pool of free NAD�

likely regulate the protein acylation state, with deacylation occur-
ring when the NAD�/NADH ratio is high and acetylation being
favored when the NAD�/NADH ratio is low.

Overview of sirtuin structures. Three-dimensional crystal
structures of sirtuins from all domains of life are available (e.g.,
Archaeoglobus fulgidus [PDB accession number 1YC2]; Thermo-
toga maritima [PDB accession number 4BUZ]; E. coli [PDB acces-
sion number 1S5P]; Saccharomyces cerevisiae [PDB accession
number 2HJH]; and human SIRT1 [PDB accession number
4KXQ], SIRT2 [PDB accession number 3ZGO], SIRT3 [PDB ac-
cession number 4BN4], SIRT5 [PDB accession number 3RIY],

and SIRT6 [PDB accession number 3PKI]) (Fig. 5C and D). Sir-
tuins are comprised of a catalytic domain that contains a Ross-
mann fold domain and a variable Zn(II) binding domain, with
divergent N- and C-terminal regions (reviewed in references 133
and 134). The Zn(II) ion in sirtuins is structurally important and
does not contribute to catalysis (135). The binding sites for the
nicotinamide and ribose moieties of NAD� and the acetyllysine
substrate are located in the cleft between the large (Rossmann
fold) and small [Zn(II) binding] domains (Fig. 5C and D). This
binding cleft allows for substrate selectivity among different sir-
tuins. Importantly, NAD� is oriented opposite to the typical ori-
entation seen with Rossmann fold-containing enzymes, in which
the nicotinamide moiety binds to the N-terminal half of the
�-sheet and the adenine binds to the C-terminal half. This orien-
tation reversal ensures the elimination of nicotinamide.

HIGH-THROUGHPUT IDENTIFICATION OF ACETYLATED
PROTEINS

Global Approaches for Identification of the Total
Acetylated Protein Population

Characterization of the total acetylated protein population (re-
ferred to as the “acetylome”) in a given organism has been accel-

FIG 7 Deacetylation mechanisms of HDACs and sirtuins. (A) HDAC-mediated catalysis is mediated by a histidinyl residue, which acts as a general base and, in
conjunction with the Zn(II) ion, activates a metal-bound water molecule for nucleophilic attack of the substrate carbonyl. The products of the HDAC reaction
are deacetylated protein and acetate. (B) Sirtuin-catalyzed deacetylation is initiated by binding of NAD� to the catalytic site. The formation of an imidate
intermediate occurs through one-step ADP-ribosylation and inversion of the configuration. The products of the sirtuin reaction are the deacylated protein,
nicotinamide, and an O-acyl-ADP-ribose product that is derived by mono-ADP-ribosylation of the removed acyl group.
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erated by the development of sensitive mass spectrometry-based
methods that detect the precise location of acetylated lysine resi-
dues within any given protein pool (33). Such approaches have
putatively identified a large number of acetylation targets, many of
which appear to be acetylated at several sites. Early studies com-
bined the use of two-dimensional separation of proteins followed
by detection of acetyllysine residues by immunoblotting (136).
Subsequent studies characterizing the acetylomes of eukaryotes
used immunoprecipitation as a way to enrich for acetyllysine pep-
tides present in tryptic digests of a protein pool (137–139). The
combined use of anti-acetyllysine antibodies and mass spectrom-
etry is the foundation for the current proteomic methodology
used to identify acetylated peptides and proteins (Fig. 8A). These
global studies have been extended to archaea (N-terminal acety-
lation) (140), bacteria (141–143), plants (144), parasites (145,
146), and humans (147), helping cement the fundamental princi-
ples and contributions of acetylation to cellular physiology. Such
global studies consistently suggest that acetylation controls di-
verse cellular processes, including metabolism, transcription,
translation, and cell structure.

Alternative global approaches for analysis of acetylomes. Pro-
teome microarrays provide an alternate method for identifying
the targets of acetyltransferases as well as other modifying en-
zymes. Protein chip technology was first reported for the analy-
sis of protein kinases in yeast (148). Lin et al. used a similar ap-
proach to identify 13 substrates of the NuA4 acetyltransferase,
including phosphoenolpyruvate carboxykinase (Pck1p) (35).
This same technology was used in another study to construct a
microarray comprised of E. coli proteins. These microarrays were
probed with the S. enterica bacterial protein acetyltransferase
(SePat) enzyme, resulting in the identification of seven substrates,
including several known transcription factors (149).

Other studies have taken advantage of labeling strategies such
as stable isotope labeling with amino acids in cell culture (SILAC)
quantitative mass spectrometry (150). SILAC allows the detection

of differences in protein abundance by using the in vivo incorpo-
ration of nonradioactive isotope labels. Benefits of this analysis are
the identification and quantification of relative differential
changes in complex protein samples.

Recent approaches have begun to tackle the problem of the
stoichiometry of the level acetylation at individual sites in order to
understand the biological significance of acetylation events (151,
152). The first unbiased method for determining site-specific stoi-
chiometry of acetylated peptides using no immunoenrichment
was used to investigate the acetylome of E. coli (151). This was
achieved by chemically acetylating unmodified lysine residues by
using acetic anhydride labeled with stable isotopes to generate an
acetyllysine pair, which was analyzed by mass spectrometry (Fig.
8B). In this scenario, proteins acetylated endogenously contain
“light” acetyllysine residues, while proteins modified chemically
contain “heavy” acetyllysine residues. After resolution by mass
spectrometry, the stoichiometry is determined by examining the
ratio of light to heavy peak areas. By this method, those authors
identified that proteins that use or generate acetyl-CoA, and those
involved in transcription and translation, are the most highly
acetylated (151).

Bacterial Acetylome Studies

Bacterial acetylomes have been characterized in E. coli (141, 142),
S. enterica (153), Bacillus subtilis (154), Erwinia amylovora (155),
R. palustris (28), Staphylococcus aureus (156), Geobacillus kausto-
philus (157), Vibrio parahaemolyticus (158), Thermus thermophi-
lus (159), M. tuberculosis (143), Mycoplasma pneumoniae (160),
and Streptomyces roseosporus (161). These studies have identified a
range of 62 to 667 putatively acetylated proteins per organism,
with the majority of acetylated proteins being involved in central
metabolism and translation (141, 156, 158) (Fig. 9).

The large number of putative acetylation targets detected by
mass spectrometry has raised important questions as to the signif-
icance of the detected acetylation events and how they contribute
to cellular physiology. Specifically, it is important to know how
these acetylation events occur, the frequency at which they occur,
and whether they affect protein function or stability. Two inde-
pendent studies of acetylated proteins in E. coli identified 85 and
91 putative acetylation targets (141, 142). Surprisingly, only six
proteins acetylated at the same lysine residue were identified in
both studies (60). Since then, a third acetylome study performed
in E. coli identified 349 acetylated proteins (162). In the related
enterobacterium S. enterica, Wang et al. found 191 putatively
acetylated proteins, many of which were metabolic enzymes
(153). Although experimentally validating some of the results in
vitro, studies by other groups were not able to reproduce these
findings (28).

A combination of mass spectrometry analysis, in vivo genetic
analyses, and in vitro validation for the Gram-negative photosyn-
thetic bacterium R. palustris yielded the most comprehensive list
of bona fide acetylation targets to date (28). In this study, acety-
lated proteins were identified by tandem mass spectrometry by
comparing the acetylome of a wild-type R. palustris strain to the
acetylomes of strains in which one or more acetyltransferases were
absent. Stringent cutoffs were applied to reduce noise by using two
different algorithms. Proteins identified in this comparison were
validated by both in vitro and in vivo methods, and it was con-
firmed that acetylation altered the activity of each of target pro-
tein.

FIG 8 Methods for analysis of acetylomes. (Left column) Representative work-
flow of the methodology typically used to determine total acetylated protein from
an organism. (Right column) Representative workflow of a recently described
method to determine the level of acetylation of identified acetylated target pro-
teins. LC-MS/MS, liquid chromatography-tandem mass spectrometry.
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Current noteworthy issues in the field. Bioinformatics analy-
ses reveal that protein acetyltransferases are conserved in nearly all
reported genomes. This suggests that acetylation is widespread in
prokaryotes and eukaryotes, which in turn implies that protein
acetylation is not limited to the regulation of proteins involved in
DNA maintenance or transcription. The acetylome studies pro-
vide a framework for the identification of putative targets of acet-
ylation, but detailed mechanistic studies are needed to validate
these proteomics-based results and to demonstrate that the find-
ings are biologically relevant. There are several issues that need to
be taken into consideration, which are discussed below.

(i) Global, nonenzymatic acetylation by acetyl-phosphate.
Recent work with E. coli suggests that global, nonenzymatic, low-
level lysine acetylation is also mediated by the reactive, high-en-

ergy metabolite acetyl-phosphate (AcP) and that this acetylation
event is globally regulated by growth phase and metabolism (81).
Weinert et al. compared the levels of protein acetylation from E.
coli cells at different growth phases by using SILAC quantitative
mass spectrometry (81). This analysis revealed that the bulk level
of protein acetylation was dramatically increased in stationary
phase. An increase in protein acetylation was also strongly corre-
lated with an increase in AcP levels. Taken together, these results
suggest that AcP may be directly involved in widespread, growth
phase-dependent chemical (nonenzymatic) acetylation of E. coli
proteins. The physiological significance of this phenomenon is not
understood (81). Further support for the role of AcP as a nonspe-
cific donor of acetyl groups in lysine acetylation in E. coli was
recently reported (152). Direct acetylation by acetyl-CoA has also
been suggested to be a mechanism of nonenzymatic acetylation in
eukaryotes (163).

(ii) Validation of proteomic approaches. Because of its broad
distribution in nature, RLA elicited a great deal of interest among
biologists eager to define the role of RLA in cell physiology. How-
ever, several issues need to be addressed before we understand
whether or not the function of specific proteins is under RLA
control. Issues that need clarification are as follows.

(a) Nonenzymatic protein acetylation. Chemical, nonenzymatic
lysine acetylation can occur when the pH is �8.0 (151, 164, 165).
The autoacetylation activity of some proteins (166) further com-
pounds this problem, leading to reporting of false-positive en-
zyme-driven acetylation. Therefore, multiple controls must be
used to distinguish between autoacetylation and enzyme-driven
acetylation, namely, the reaction substrates with the addition of
inactive variants of the modifying acetyltransferase enzyme.

(b) Physiological relevance of multiple acetylation sites. Many of
the reported acetylomes identify proteins with multiple acetylated
lysine residues (�5 to 10 in some cases). This information con-
trasts sharply with observations for validated RLA targets such as
acetyl-CoA synthetase (Acs) and other members of the acyl-CoA
synthetases (discussed further below), in which the acetylation of
a single lysine residue is necessary and sufficient to alter enzyme
function (23, 28, 167). Recently, the first validated example of an
Acs homologue from Saccharopolyspora erythraea that undergoes
multiple acetylation events was reported, and the observations
were validated in vitro and in vivo (168). However, of the four
original acetylation events, only two were shown to have an effect
on enzyme activity, highlighting the importance of in vivo and in
vitro validation. It is imperative to determine the effect that each
acetylated lysine may have on substrate binding, catalytic activity,
or resistance to proteolytic activity to gain insights into the phys-
iological importance of RLA.

(c) Possible overrepresentation of central metabolic enzymes. The
fact that the majority of acetylated peptides identified are involved
in central metabolism, specifically glycolysis, has been perhaps
overemphasized. Notably, membrane-associated proteins, pro-
teins present at low levels, or proteins not expressed under the
culture conditions tested may represent important groups of tar-
gets under the control of RLA that are missed by the current meth-
odology.

(d) Validation. Very limited and in some cases no validation of
results obtained by mass spectrometry analyses has been reported
in studies of bacterial acetylomes. Specifically, the function of the
proteins identified as acetylation targets has not been analyzed in
vitro to identify the modifying enzymes or whether or not acety-

FIG 9 Comprehensive overview of bacterial acetylome studies. Shown are
functional annotations of acetylated proteins identified from bacterial acety-
lome studies. ProteinAc, number of identified acetylated proteins; % TotalAc,
percentage of acetylated proteins of the entire proteome; N, no; Y, yes. *, values
are different than those previously reported; however, the values listed reflect
the available data that were obtained from supplementary information from
the cited references (28, 142, 143, 153–161). The percent scale at the top should
be used to estimate the percentage of acetylated proteins in each of the catego-
ries within any given microorganism shown.
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lation alters protein function or stability. At present, large-scale
mass spectrometry results for bacterial acetylomes provide only
putative targets until further validation is performed.

VALIDATED REVERSIBLE LYSINE ACYLATION TARGETS IN
BACTERIA AND ARCHAEA

Discovery of RLA in Prokaryotes

The role of RLA in bacteria, specifically in relation to acetyla-
tion of metabolic enzymes, was discovered in S. enterica. See
Table 3 for a to-date-comprehensive list of validated RLA targets
in prokaryotes. The protein acetyltransferase of S. enterica, SePat,
was first identified as the enzyme responsible for the acetylation
and inactivation of Acs, the enzyme that activates acetate when
present in the environment at low concentrations (�10 mM)
(24). Acs belongs to the acyl-CoA synthetase family (Pfam 00501),
which convert acetate to acetyl-CoA (24). Acyl-CoA synthetases
are ubiquitous across all domains of life (169–171), converting
weak organic acids to their CoA thioesters through two half-reac-
tions via an adenylated intermediate (172) (Fig. 10A):

acetate � ATP � Acs → acetyl-AMP � PPi � Acs (1)

acetyl-AMP � CoA � Acs → acetyl-CoA � AMP � Acs
(2)

As mentioned above, SeAcs activity is required during growth at
low concentrations of acetate (�10 mM). When the concentra-
tion of acetate in the environment is �10 mM, assimilation of
acetate occurs via the phosphotransacetylase/acetate kinase (Pta/
Ack) pathway (173).

SeAcs activity is regulated by the reversible acetylation of an
active-site lysine residue, Lys609 (23). This discovery opened the
doors to numerous studies on the regulation of metabolic en-
zymes by acetylation and shifted the focus from the regulation of
histones by acetylation to acetylation as a means to regulate me-
tabolism and physiology.

SeAcs activity was first predicted to be under the control of acetylation
when it was observed that the sirtuin deacetylase (SeCobB) was
needed under growth conditions in which acetate (10 mM) or pro-
pionate (30 mM) was the sole source of carbon and energy (23, 29). In
support of this idea, the SeCobB protein was shown to deacetylate Acs
in vitro (23), resulting in reactivation of the Acs enzyme. These find-
ings revealed for the first time that acetylation was a means to mod-
ulate the activity of a metabolic enzyme (23). The modifying protein
acetyltransferase of this bacterium, SePat, was subsequently discov-
ered by selecting for derivatives of a �cobB strain that grew on 10 mM
acetate (24). Deletion of the protein acetyltransferase (SePat) in a
strain lacking SeCobB restored growth on both acetate (10 mM) and

TABLE 3 Validated substrates of prokaryotic lysine acetyltransferases

Acetyltransferase and protein substrate Function Reference(s)

Bacillus subtilis AcuA
AcsA AMP-forming acetyl-CoA synthetase 30

Escherichia coli Pka
Acs AMP-forming acetyl-CoA synthetase 177
RNase R Stable RNA exoribonuclease 68, 92
RcsB Response regulator for capsule synthesis 149

Mycobacterium smegmatis PatA
MSMEG_4207 Universal stress protein 191
Acs AMP-forming acetyl-CoA synthetase 178
FadD2, FadD4, FadD5, FadD10, FadD12,

FadD13, FadD22, FadD35
AMP-forming acyl-CoA synthetases 192

Rhodopseudomonas palustris KatA
Acs AMP-forming acetyl-CoA synthetase 28
PrpE AMP-forming propionyl-CoA synthetase 28
BadA, HbaA, AliA AMP-forming aromatic and alicyclic acyl-CoA synthetases 28

Rhodopseudomonas palustris Pat
Acs AMP-forming acetyl-CoA synthetase 69
PrpE AMP-forming propionyl-CoA synthetase 28
BadA, HbaA, AliA AMP-forming aromatic and alicyclic acyl-CoA synthetases 69
PimA AMP-forming pimeloyl-CoA synthetase 28
HcsA, FadD, FcsA, LcsA, IbuA AMP-forming acyl-CoA synthetases that activate mono- and dicarboxylic acids 28

Salmonella enterica Pat
Acs AMP-forming acetyl-CoA synthetase 23, 169
PrpE AMP-forming propionyl-CoA synthetase 56

Streptomyces lividans PatA
AacS AMP-forming acetoacetyl-CoA synthetase 31

Sulfolobus solfataricus Pat
Alba Chromatin protein 59
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propionate (30 mM). In vitro studies demonstrated that SePat could
both acetylate SeAcs and propionylate the propionyl-CoA synthetase
(PrpE) (24, 56).

The acetylated lysine residue (Lys609 in SeAcs) is required for
adenylylation of organic acids and is universally conserved in the
AMP-forming acyl-CoA synthetases. Acetylation of this lysyl res-
idue prevents adenylylation of the acid substrate and blocks en-
zyme activity. Thus, SePat acetylation of the SeAcs active-site
lysine blocks the conversion of acetate to acetyl-AMP (23), the
first half-reaction catalyzed by SeAcs. It is proposed that the lysyl
residue (i) aids in the orientation of the carboxylate moiety of the
acid and phosphoryl groups of ATP for the in-line attack and (ii)
stabilizes the transition state through positive-charge interactions
(174, 175).

Acetylation of Acs is a conserved regulatory mechanism. Since
its discovery, it has been shown that RLA controls Acs and other
members of the acyl-CoA synthetases via acetylation and that this
regulatory mechanism of metabolism is present in prokaryotes
and eukaryotes (29, 176). Acetylation of Acs homologues by SePat
homologues has also been demonstrated in E. coli (141, 177), R.
palustris (69), B. subtilis (30), Streptomyces spp. (31), and Myco-
bacterium spp. (178). Insight into the need for posttranslational
control of Acs activity was provided by studies that demonstrated
that dysregulation of this enzyme caused a severe imbalance in the
energy charge of the cell, leading to growth arrest (179). An ex-
panded explanation of these effects is described below.

RLA in Gram-Negative Bacteria

Non-acyl-CoA synthetase targets of the Salmonella enterica
protein acetyltransferase. It has been suggested that SePat can acet-
ylate a variety of metabolic enzymes, including glyceraldehyde-3-
phosphate dehydrogenase (GapA), isocitrate lyase (AceA), and the
glyoxylate shunt regulator isocitrate dehydrogenase kinase/phospha-

tase (AceK) (153). However, difficulties in reproducing these results
by others have been reported (28). These discrepancies need to be
clarified before any conclusions about the involvement of RLA in the
modulation of such key enzymes can be validated.

In Escherichia coli, the protein acetyltransferase (Pka) alters
the fate of RNase R. Results from early studies suggested that the
Pat homologue from E. coli, EcPka, acetylated the RNA polymer-
ase alpha subunit; however, results from subsequent analyses
failed to confirm this claim (180, 181). A bona fide substrate of
EcPka is the exoribonuclease RNase R, shown to degrade highly
structured mRNA. RNase R is acetylated during exponential
phase, destabilizing the protein and making it prone to proteolytic
degradation (68, 92). This is the first example of acetylation by a
SePat homologue affecting protein stability and thus enzyme ac-
tivity. Notably, RNase R cannot be deacetylated by the E. coli sir-
tuin CobB, the only known protein deacetylase in this bacterium,
and therefore is not a reversible modification (68).

In Rhodopseudomonas palustris, RLA controls the activity of
many AMP-forming acyl-CoA synthetases. The role of RLA in
the physiology of the purple nonsulfur photosynthetic alphapro-
teobacterium R. palustris has been investigated (28). In this bac-
terium, RLA modulates the activity of enzymes involved in the
anaerobic catabolism of aromatic organic acids and other fatty
acids. Results from proteomics global analyses indicate that RpPat
acetylates many acyl-CoA synthetases (AMP forming) in addition
to Acs and propionyl-CoA synthetase (PrpE), including those in-
volved in activating short-, medium-, and long-chain fatty acids
and aromatic acids (e.g., BadA, HbaA, AliA, PimA, HcsA, FadD,
FcsA, LcsA, and IbuA) (28). It is significant that all of the verified
RpPat substrates from this study were acyl-CoA synthetases. These
data strongly suggest that RpPat may specifically recognize and
regulate this class of enzymes via a negative-feedback mechanism.

FIG 10 Synthesis of acyl-CoAs by AMP- and ADP-forming acyl-CoA synthetases. The AMP-forming and ADP-forming acyl-CoA synthetases convert organic
acids to their CoA thioesters. AMP-forming acyl-CoA synthetases perform this reaction through two half-reactions via an adenylated intermediate (A), while the
ADP-forming acyl-CoA synthetase reaction is driven by the energy of hydrolysis of the 	-phosphate of ATP (B).
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When an RpPat substrate, benzoyl-CoA synthetase (BadA),
was acetylated in vivo in the absence of RpPat, Crosby et al. pre-
dicted the existence of a second R. palustris protein acetyltrans-
ferase (69). A single-domain GNAT, RpKatA (for K [Lys] acetyl-
transferase A), was identified based on its limited sequence
homology (33% identical over 64 residues within the GNAT do-
main) to other known protein acetyltransferases. RpKatA also
acetylated the conserved catalytic lysine of acyl-CoA synthetases
whose substrates included short-, medium-, long-, and branched-
chain fatty acids in addition to aromatic organic acids (28, 69). It
is noteworthy that although RpKatA has enzymatic capabilities
similar to those of RpPat (type I GNAT), it is a much smaller
protein, comprised of only a catalytic domain (type IV GNAT).

Insights into the role of RpKatA were obtained by performing
mass spectrometry-based proteomics analysis. Briefly, four acyl-
CoA synthetases (BadA, AliA, HbaA, and PrpE) were acetylated in
a pat deletion strain, but no acetylation of these proteins was seen
in a pat katA double mutant (28). From in vitro studies, the au-
thors learned that RpPat and RpKatA had different substrate spec-
ificities for the acyl-CoA synthetases of R. palustris. For example,
there are two acyl-CoA synthetases, hexanoyl-CoA synthetase A
(HcsA) and long-chain acyl-CoA synthetase A (LcsA), which were
acetylated by RpPat but were not acetylated by RpKatA (28). It is
not known how RpKatA and RpPat recognize their substrates or
why there is overlapping activity between the enzymes.

In addition to having two protein acetyltransferases, R. palus-
tris also encodes two protein deacetylases, a sirtuin deacetylase
(SrtN) and a Zn(II)-dependent lysine deacetylase (LdaA). Genetic
evidence suggests that both deacetylases play a role in regulating
acyl-CoA synthetases in R. palustris (28).

RLA in Gram-Positive Bacteria

RLA controls acetyl-CoA synthetase activity in Bacillus subtilis.
In B. subtilis, the GNAT BsAcuA (type IV protein acetyltrans-
ferase) is comprised of only a single GNAT domain and has no
significant sequence homology to SePat (type I protein acetyl-
transferase). However, a structure of a BsAcuA homologue re-
solved from Exiguobacterium sibiricum demonstrated that
BsAcuA contains the conserved GNAT domain (PDB accession
number 2Q04) (78). BsAcuA acetylates and inactivates acetyl-
CoA synthetase A (AcsA) at the conserved catalytic lysine (Lys549)
(30). Deacetylation of BsAcsAAc (acetylated BsAcsA) can occur by
either of the two protein deacetylases of B. subtilis, the Zn(II)-
dependent BsAcuC deacetylase and/or the sirtuin BsSrtN (30,
182).

The genes encoding BsAcuA (GNAT) and BsAcuC (deacety-
lase) are located within the acuABC operon (183) and are diver-
gently transcribed from acsA (target). It was initially thought that
the acuABC operon was involved in acetoin utilization, as deletion
of acuA caused a growth defect when cells were grown on acetoin
(183). However, it has since been shown that the acetoin utiliza-
tion pathway is encoded by acoABCLR in B. subtilis (184). At pres-
ent, it is unclear if or how BsAcuB is involved in the BsAcuA- and
BsAcuC-dependent regulation of BsAcsA or if acetoin utilization
is either directly or indirectly regulated by acetylation.

Acs from Streptomyces lividans is the exception to the Acs
acetylation paradigm. Metabolic regulation in actinomycetes like
Streptomyces is of interest because of the diverse natural products
that they produce (185–188). S. lividans encodes a protein acetyl-
transferase, SlPatA (type II), which also acetylates AMP-forming

acyl-CoA synthetases, including S. lividans acetoacetyl-CoA syn-
thetase (SlAacS) and S. enterica Acs (31). SlPatA only weakly mod-
ified the S. lividans Acs homologue. However, it efficiently acety-
lated the related enzyme SlAacS both in vitro and in vivo (31). AacS
is present in all domains of life, and this work provided the first
example of the regulation of its activity by acetylation. Recently,
the structure of SlAacS was reported, which provided for the first
time an ordered view of the 30-residue extension of the C termi-
nus of this type of enzyme, and it was suggested that such an
extension may interact with catalytic residues of the N-terminal
domain (189). A comparison of SlAcs and SlAacS would provide
valuable insights into the determinants that make AMP-forming
acyl-CoA synthetases good substrates for the SlPatA enzyme.

SlPatA is the first characterized Pat homologue that does not
efficiently acetylate its cognate Acs enzyme in vitro (31), suggest-
ing that SlPatA may not be the enzyme responsible for Acs acety-
lation in S. lividans. Alternatively, acetylation of SlAcs by SlPatA
may require additional factors that are not required by SePat and
RpPat for acetylation of Acs orthologues from those organisms, or
SlAcs simply is not enzymatically acetylated.

S. lividans encodes two sirtuin deacetylases, CobB1 and CobB2,
and a Zn(II)-dependent AcuC-type deacetylase. Work with the
closely related organism Streptomyces coelicolor demonstrated that
Acs was acetylated and that CobB1 deacetylated Acs in vitro (190).
However, the acetyltransferase responsible for the acetylation of S.
coelicolor Acs was not identified.

Recently, studies showed that in another actinomycete, Sac-
charopolyspora erythraea, a homologue of the GNAT-related
AcuA enzyme from B. subtilis acetylates the S. erythraea Acs en-
zyme at four different positions and that in a mutant of S. eryth-
raea lacking the SaAcuA enzyme, SaAcs is not acetylated at all
(168). The SaAcuA enzyme is the first of its class to be experimen-
tally shown to target several residues of an Acs homologue, as
described above. Whether AcuA homologues in other actinomy-
cetes are responsible for the single or multiple acetylation of Acs in
this class of microorganisms remains to be determined.

In Mycobacterium spp., the universal stress protein is under
RLA control. M. tuberculosis and M. smegmatis encode unique
protein lysine acetyltransferases (MtPatA and MsPatA, respec-
tively). In these organisms, the GNAT domain is attached to a
cyclic AMP (cAMP) binding domain (type III) (178, 191). cAMP
allosterically activates MtPatA and MsPatA, enhancing their activ-
ity �2-fold (178, 191–194).

MsPatA acetylates a universal stress protein (USP) (MSMEG_
4207) at a single lysine residue, and acetylation increases in the
presence of cAMP (191). The in vivo significance of USP acetyla-
tion was not tested, likely because the function of most USPs is
unclear, but there is evidence suggesting that USPs provide resis-
tance to various stressors (reviewed in reference 195).

MsPatA and MtPatA share 57% identity; thus, they may have
similar substrates, except for USP, which is not conserved in my-
cobacteria that encode homologues of MsPatA. Based on these
findings, Xu et al. used MsPatA to acetylate whole-cell lysates with
or without the acetyl-CoA analogue chloroacetyl-CoA. These au-
thors identified MsAcs as an acetylated protein target of MsPatA
(178). Because MsAcs could not be overproduced in E. coli, in vitro
experiments aimed at showing acetylation of MsAcs by MsPatA
were not performed (178). Using an alternative approach, these
authors purified MtAcs (76% identical to MsAcs) and demon-
strated MsPatA-dependent acetylation of MtAcs at the expected
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catalytic lysine residue, which abolished MtAcs activity (178). Al-
though the degree of identity between MtPatA and MsPatA is
high, there is precedent in the literature of Acs enzymes that are
very poorly acetylated by Pat enzymes (e.g., SlAcs). Therefore, in
the absence of experimental evidence, it is premature to conclude
that MsAcs is a substrate of MsPatA.

An independent study identified eight additional acyl-CoA
synthetases as the substrates of MsPatA (192). The single protein
deacetylase in M. tuberculosis, an NAD�-dependent sirtuin ho-
mologue (MRA_1161, from H37Ra), deacetylated MtAcs and all
eight acyl-CoA synthetases in vitro (178, 192), suggesting that that
this likely constitutes a regulatory system comparable to the RLA
systems found in S. enterica and R. palustris (196). The authors
were able to demonstrate that acetylation in M. tuberculosis was
dependent upon intracellular cAMP levels by examining the acet-
ylation level of known targets under conditions of various cAMP
concentrations. Acetylation of the acyl-CoA synthetase targets was
seen only under conditions of higher levels of cAMP (178, 192).

RLA in Archaea

The first studies examining protein acetylation and deacetylation
in archaea were performed with Halobacterium salinarum (previ-
ously H. halobium), in which a 2Fe-2S ferredoxin protein was
identified to be acetylated at a specific lysine residue (Lys118)
(197). While this was the first example of protein acetylation in
archaea, no further studies of acetylated proteins involved in pro-
cesses other than gene expression have been reported.

Acetylation of the Sulfolobus solfataricus chromatin protein
(Alba). As mentioned above, little is known about acetylation in
archaea, even though many archaeal species have acetyltransferase
and deacetylase homologues. Some archaea encode histone pro-
teins similar to those of eukaryotes. However, the archaeal his-
tones differ in that they do not contain the flexible N-terminal tails
and are not posttranslationally modified (198, 199). In addition to
histones, archaea have another chromatin protein known as
Sso10b or Alba (for acetylation lowers binding affinity). When
bound to DNA, Alba inhibits transcription (200, 201).

Investigators discovered that Alba homologues purified from
Sulfolobus spp. were 84-Da larger than predicted. Because an
acetyl group adds 42 Da to the protein mass, it was suggested that
the Alba proteins were acetylated at two sites (200, 202). A type IV
GNAT family acetyltransferase, SsPat (single GNAT domain), was
identified by homology to SePat and was shown to acetylate Alba
in vitro at Lys16 (59). A subsequent study showed that acetylation
of Lys16 decreased the ability of Alba to bind DNA by �3-fold
(59). However, those authors determined that Alba is a relatively
poor substrate for SsPat and that other substrates may exist in S.
solfataricus (74). Lys16 of Alba was shown to be deacetylated by
the sirtuin deacetylase in S. solfataricus (Sir2) (200), which in-
creased the affinity of Alba for DNA (200). The control of Alba by
acetylation and deacetylation seems to mirror histone regulation
in eukaryotes, providing an example of a conserved regulatory
process.

RLA Targets Whose Modifying Acetyltransferases Are Not
Known

A large number of proteins have been reported to be acetylated,
but the identity of the modifying GNAT has not been discovered.
Two of these examples include the transcriptional regulator RcsB
and the chemotaxis response regulator CheY.

In addition to Acs, an E. coli proteome array incubated with
SePat (92% identical to EcPka) and radiolabeled [1-14C]acetyl-
CoA suggested that SePat acetylated several proteins, including
the bacterial transcription factor RcsB (149). RcsB is involved in
regulating the expression of genes that affect flagellar and capsule
synthesis as well as cell division (203, 204). Acetylation of RcsB
decreases its ability to bind DNA, an effect that is reversed by
incubation of RcsBAc with the sirtuin EcCobB and NAD� (149).
More recently reported work did not find direct evidence that
EcPka acetylates RcsB in E. coli, leaving the identity of the acetyl-
transferase that modifies RcsB in these bacteria unknown (205).

The response regulator CheY, involved in bacterial chemotaxis,
is predicted to be under the control of RLA (166, 206). While the
phosphorylation of CheY has been extensively studied, the effect
of acetylation on the activity of the protein is still poorly under-
stood (207–209). Acetylation of CheY inhibits binding to three of
its interacting partners, the CheA kinase, the CheZ phosphatase,
and the flagellar motor switch FliM protein (166). CheY is acety-
lated at multiple sites in vivo, and the majority of the acetylated
residues are grouped on the surface of the protein near the C
terminus, the region that binds to the protein targets (210).

While there is in vivo and in vitro evidence that the CobB sirtuin
deacetylates CheY, the identity of the acetyltransferase is un-
known (209). Previously, acetylation of CheY was hypothesized to
occur via either autoacetylation or acetyl-CoA synthetase-depen-
dent acetylation by some unknown mechanism (206, 211). To
date, studies of CheY have been performed by chemical acetyla-
tion of the protein using acetic anhydride (208). However, this
method does not acetylate CheY to the same extent as what is seen
for the protein in vivo (166, 206). It is currently hypothesized that
there must be a GNAT responsible for the acetylation of CheY and
that it is yet to be discovered.

GNAT STRUCTURE AND SUBSTRATE SPECIFICITY

Structural divergence of ADP-forming acyl-CoA synthetases.
As mentioned above, the large domain of type I and type II GNATs
is homologous to ADP-forming acyl-CoA synthetases. This cata-
lytic mechanism involves the transfer of a phosphate group to a
conserved histidinyl residue located within a flexible loop in sub-
domain 2 (212) (Fig. 10B). EcPka and SePat have divergent se-
quences in the flexible loop region and lack the catalytic residue,
suggesting that their ADP-forming acyl-CoA synthetase domains
may lack enzymatic activity. Other protein acetyltransferases, like
RpPat, encode the catalytic histidine, but whether or not RpPat
maintains acyl-CoA synthetase activity has not yet been investi-
gated.

Mycobacterium tuberculosis PatA is a sensor of carbon qual-
ity. The crystal structure of MtPatA has been resolved in the pres-
ence and absence of cAMP and revealed an intricate regulatory
mechanism (PDB accession number 4AVB) (194) (Fig. 11). Struc-
tural studies demonstrated that MtPatA can exist in either an ac-
tive or an autoinhibited state (194). In the absence of cAMP,
MtPatA adopts the autoinhibited state, in which the C-terminal
helix (lid) blocks the entrance of the protein substrate into the
active site of the GNAT domain (PDB accession number 4AVA).
In the active state, the cAMP binding domain is rotated 40° rela-
tive to the GNAT domain, causing the inhibitory lid to refold and
swing away, exposing the active-site cleft (194) (Fig. 11). Binding
of cAMP stabilizes the active state of MtPatA, enabling acetylation
of the target. Acetyl-CoA copurified with MtPatA and was present
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in both crystal structures, demonstrating that it binds tightly to
the enzyme and that MtPatA is poised to respond to cAMP levels
(194).

Determinants Needed for Recognition and Acetylation of
Protein Targets by GNATs

The ternary structure of the Tetrahymena thermophila GNAT,
TtGcn5, in complex with an 11-residue peptide from histone H3
and CoA (PDB accession number 1QSN) (Fig. 12A) revealed a
constellation of interactions between GNATs and their protein
substrates (49) (Fig. 12B). Notably, CoA binding to TtGcn5 trig-
gers structural changes that facilitate its interactions with the pro-
tein substrate. From the above-mentioned structure, one can see
that the role of the catalytic residue (Glu122) is to abstract a pro-
ton from the ε-amino group of Lys14 via an ordered water mole-
cule bridging the two residues. Further positioning of Lys14 is
afforded by hydrophobic interactions between residues in TtGcn5
and methylene groups and the ε-amino of the lysyl side chain.
The glycyl side chain next to Lys14 interacts with TtGcn5
through van der Waals forces, most likely introducing flexibil-
ity into the substrate protein. Binding of the protein substrate

to TtGcn5 positions the G-K-X-P motif (K referring to the
acetylation target) of the former in close proximity to acetyl-
CoA in the active site of TtGcn5. Such a position is maintained
via interactions between the prolyl side chain and CoA.

Structure of a GNAT-protein substrate complex. Recently, the
first structure of a GNAT family member in complex with a pro-
tein substrate with a tertiary structure was reported (71, 213). The
GNAT domain from S. lividans SlPatA (SlPatAGNAT) was crystal-
lized in complex with the C-terminal domain of S. enterica Acs
(SeAcsCTD) (71) (Fig. 13A). A comparison of the SlPatAGNAT-
SeAcsCTD and TtGcn5-peptide structures revealed that (i) a gly-
cine residue (G608) preceding the target lysine (K609) was impor-
tant for positioning the lysine for interaction with SlPatAGNAT and
(ii) a hydrophobic pocket in SlPatAGNAT positioned the lysine side
chain (K609) near the catalytic glutamate (E123) of the GNAT
(Fig. 13B). The interaction surface of the SlPatAGNAT-SeAcsCTD

acetylation complex was more extensive than the surface ob-
served for TtGcn5-peptide interactions, indicating that SlPatA
recognizes substrate sequences outside the flexible loop con-
taining the target lysine (K609). These interactions included

FIG 11 Binding of cAMP induces a 40-Å structural change in M. tuberculosis PatA. In the absence of cAMP, MtPatA adopts an autoinhibited state, where a “lid”
(blue) blocks the entrance of the substrate to the active site of the GNAT domain (red). In the presence of cAMP, the cAMP binding domain (gold) rotates 40°
relative to the GNAT domain. This causes the lid to swing away from the GNAT domain, exposing the active-site cleft. Also shown are acetyl-CoA (black sticks),
cAMP (gray spheres), and the C-terminal helix (green). The PDB accession numbers are 4AVA for the MtPatA structure and 4AVB for the MtPatA structure with
cAMP.

FIG 12 Interactions between the T. thermophila Gcn5 protein and a peptide substrate. (A) The structure of TtGcn5 and a histone H3 11-peptide residue (PDB
accession number 1QSN) demonstrates that the presence of CoA (not shown) causes structural changes that may facilitate interactions with its protein substrate
(interacting residues are shown in blue). (B) Molecular interactions of TtGcn5 (blue) with the peptide substrate (green).
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complementary ionic interactions of positively charged side
chains in SeAcsCTD with negatively charged side chains in SlPa-
tAGNAT (Fig. 13C and D). Reversing the charges in either SeAc-
sCTD or SlPatAGNAT significantly decreased interactions be-
tween these proteins (71).

Diversity of determinants in the motif containing the acety-
lation site. All bona fide substrates of R. palustris RpPat are AMP-
forming acyl-CoA synthetases and display a high degree of con-
servation surrounding the acetylation site. A consensus sequence
at the site of acetylation can be approximated by the motif PX4GK
(23, 169) (Fig. 14A). The Gly residue preceding the target lysine is
conserved in RpPat substrates, as seen with the TtGcn5 substrate
mentioned above, and may be a common feature of GNAT sub-
strates (49). However, recent results support the conclusion that
this motif is not sufficient for acetylation to occur. RpMatB, an
acyl-CoA synthetase which activates the dicarboxylic acid meth-
ylmalonate to methylmalonyl-CoA (214), contains the PX4GK
motif but is not acetylated by RpPat (215) (Fig. 14B).

The term “acetylation motif” is misleading because it oversim-
plifies what is encoded in this motif. While it is true that the
PX4GK motif identified for AMP-forming acyl-CoA synthetase
acetylation targets is necessary for acetylation to occur, it is not
sufficient. Alanine scanning of 14 residues surrounding the acet-
ylation site of RpPimA (a bona fide substrate of RpPat) demon-
strated that nearly half of them were important for acetylation by
RpPat, whereas only two were required for RpPimA enzymatic
activity (23, 28, 167). Interestingly, one acyl-CoA synthetase was

identified in R. palustris, which appeared to evade acetylation
through the presence of a leucine residue two positions upstream
of the conserved lysine. Changing of the leucine to a valine residue
restored recognition of the substrate and its acetylation. Collec-
tively, these results emphasize the fact that the presence of the
acetylation motif in AMP-forming acyl-CoA synthetases is not a
good predictor of a protein being under RLA control.

Use of Protein Chimeras To Probe GNAT Substrate
Specificities

To investigate RpPat specificity, a series of chimeric proteins were
constructed, in which portions of RpMatB (methylmalonyl-CoA
synthetase; not acetylatable) were replaced with the correspond-
ing sequences from known RpPat substrates (Fig. 14C). A series of
chimeric proteins were constructed between RpPat and pimelate-
CoA synthetase (RpPimA) or benzoate-CoA synthetase from
Burkholderia xenovorans (BxBclM) (28, 216). The introduction of
residues from RpPimA or BxBclM into RpMatB allowed the
RpPimA-RpMatB and BxBclM-RpMatB chimeras to be recog-
nized and acetylated by RpPat. Significantly, RpPimA-RpMatB
chimeras with RpPimA residues located �20 Å away from the
target lysine (K488) allowed RpPat to recognize and acetylate Rp-
MatB. These data indicated that RpPat recognizes additional
structural elements in protein substrates in addition to the resi-
dues immediately surrounding the target lysine, as seen with
SlPatA. This information may help account for the substrate spec-

FIG 13 Molecular interactions of S. lividans PatAGNAT and S. enterica AcsCTD. (A) Crystal structure of the interactions between S. lividans PatAGNAT and S.
enterica AcsCTD (PDB accession number 4U5Y). The SlPatAGNAT catalytic residue (E123) is shown in red sticks, and the acetylated lysine of SeAcsCTD (K609) is
shown in blue sticks. (B) Interactions between SlPatAGNAT (surface) and SeAcsCTD (sticks). (C and D) Electrostatic potential of the SlPatAGNAT-SeAcsCTD surface
interface, with negatively charged regions in red, positively charged regions in blue, and neutral residues in white. (Adapted from reference 71. © American
Society for Biochemistry and Molecular Biology.)
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ificity of protein acetyltransferases for their structurally diverse
substrates.

The three-dimensional crystal structure of the BxBclM-
RpMatB chimera identified a loop (named chimera loop) that is
important for recognition by RpPat (215) (Fig. 14D). It seems that
the shape and electrostatic potential of the chimera loop play im-
portant roles, as minor changes in the loop allow an acyl-CoA
synthetase to “escape” acetylation by RpPat (214). This indicates
that although acetylation motifs may suggest that a protein is con-
trolled by RLA, each substrate should be validated experimentally,
as structural elements outside the motif can affect the ability of the
acetyltransferase to recognize and acetylate the target.

ROLE OF RLA IN MAINTAINING METABOLIC HOMEOSTASIS

Acetyl-CoA, Energy Charge, NAD�, and cAMP Link RLA to
Central Metabolism

Both components of the RLA system (acylation and deacylation)
involve the essential coenzymes CoA and NAD�. Acylation re-
quires acyl-CoA thioesters, connecting this process to CoA ho-
meostasis, carbon load, and energy charge, while the sirtuin-cat-
alyzed deacylation reaction requires NAD�, an indicator of high
energy levels in the cell. Acylation is further regulated by meta-
bolic cofactors in acetyltransferases such as the Mycobacterium Pat
proteins, which respond to cAMP levels, an indicator of the qual-
ity of the carbon source available in the cell. As a result, RLA
modifies proteins in response to the metabolic state of the cell,
specifically reflecting the cellular energy and carbon status.

Acetylation and acetyl-CoA levels. Bacterial protein acetyl-

transferases use acetyl-CoA as a substrate, linking protein acetyla-
tion to acetyl-CoA levels, which are regulated by the metabolic
activity of the cell. The two-domain Pat homologues SePat, EcPka,
RpPat, and SlPatA have large regulatory domains that bind acetyl-
CoA to allosterically regulate acetyltransferase activity (72).
Acetyl-CoA is a metabolite linked to many pathways, including
carbon utilization (e.g., glycolysis), the tricarboxylic acid (TCA)
cycle, the acetate kinase/phosphotransacetylase pathway, and fatty
acid biosynthesis/degradation (Fig. 15).

Although some insights into the reasons why AMP-forming
acyl-CoA synthetases are regulated by RLA have been reported
(see below), there may be a number of other reasons why cells
control this class of enzymes so carefully. Not all acyl-CoA synthe-
tases are regulated by acetylation. In prokaryotes, data have been
reported about the propionylation of propionyl-CoA synthetase
(PrpE), a modification that affects the same lysine as acetylation
does, also abolishing the activity of the enzyme (56). The use of
RLA to control acyl-CoA synthetases by acetylation or propiony-
lation is not unique to Gammaproteobacteria, since there is abun-
dant evidence of the same type of control happening in the alpha-
proteobacterium R. palustris. The common theme here is that
RLA helps maintain a balance in the intracellular acetyl-CoA
(or propionyl-CoA) pools, while an acyl-CoA synthetase
(MatB) that contributes to the succinyl-CoA pool is not under
RLA control (28, 214). It is possible that acetylation of these
AMP-forming acyl-CoA synthetases may control CoA homeo-
stasis by preventing the depletion of CoA or buildup of acetyl-
CoA or propionyl-CoA.

FIG 14 Acetylation determinants outside the motif containing the acetylation site. (A) Consensus motif containing the acetylation site (indicated by the arrow)
generated from the alignments of acyl-CoA synthetases acetylated by R. palustris Pat (RpPat). The letter height corresponds to the frequency of a particular amino
acid residue in that position. (B) Electrostatic potential of RpMatB (methylmalonyl CoA synthetase), a protein that is not acetylated by RpPat. Negatively charged
regions are shown in red, and positively charged regions are shown in blue. (C) Electrostatic potential of the RpMatB and B. xenovorans BclM (benzoate:CoA
synthetase) chimera protein (RpMatB-BxBclM chimera B3), a protein that is acetylated by RpPat. Negatively charged regions are in red, and positively charged
regions are in blue. (D) Overlay of the C-terminal domain of the RpMatB-BxBclM chimeras (PDB accession numbers 4GXQ for B1 and 4GXR for B3) aligned
with the C-terminal domains of RpMatB (PDB accession number 4FUQ), with the BxBclM-derived residues of the B1 chimera in yellow, BxBclM-derived
residues of the B3 chimera in orange, and wild-type RpMatB residues in cyan. The consensus motif containing the acetylation site (PX4GK) is shown in red in the
active-site loop, with the acetylated lysine residue (K488) shown as red sticks. (Adapted from references 28 [panel A] and 215 [panels B to D]. © American Society
for Biochemistry and Molecular Biology.)
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Possible effects on CoA homeostasis. CoA is an essential met-
abolic cofactor, and CoA homeostasis is important for cell sur-
vival. As an acyl carrier group, CoA activates the carbonyl groups
of carboxylic acids, including fatty acids and amino acids. The
resulting thioester bond increases the electrophilicity of the car-
bonyl carbon, facilitating nucleophilic attacks and thus making
the carbonyl carbon more prone to react with thiolates, hydroxyl,
and amino groups (217, 218). Reactive acyl-CoA thioesters are
used by �4% of all known enzymes, which catalyze �100 reac-
tions involved in diverse cellular processes, including the TCA
cycle, fatty acid degradation, and fatty acid, amino acid, and sec-
ondary-metabolite biosynthesis (219, 220) (Fig. 15). Due to both
limited substrate availability and allosteric regulation of central
metabolic enzymes, CoASH and acyl-CoA control metabolic flux
through glycolysis and the TCA cycle (221–227).

CoASH, acetyl-CoA, succinyl-CoA, and malonyl-CoA com-
prise the bulk of the CoA pool (228). The availability of nutrients,
phase of growth, and environmental conditions all affect the CoA
pool and can cause the balance of acyl-CoA species to be altered by
more than an order of magnitude in a matter of minutes (220,
229–231). For example, acetyl-CoA is the major species during
exponential growth on glucose (300 �M), while CoASH is the
predominant species during growth on acetate (100 �M) (228).

Because CoASH and acyl-CoA availability affects many cellular
processes, an imbalance in CoA homeostasis results in profound
consequences for cellular metabolism. For example, depletion of
CoA stalls protein synthesis and reduces the supply of acyl carrier
protein (ACP). Protein synthesis is stalled by depletion of CoA
due to the lack of available acetyl-CoA as well as inhibition of the

TCA cycle and production of amino acid precursors (232). Re-
duced levels of ACP limit fatty acid biosynthesis, ultimately result-
ing in reduced phospholipid synthesis (232–234). Due to the del-
eterious effects on the cell caused by an imbalance in CoA
homeostasis, there must be tight control over both the total CoA
pool as well as the relative concentrations of the various CoA spe-
cies, in response to the metabolic status of the cell. Given that the
RLA system recycles acylated CoAs, this could be a mechanism for
the maintenance of CoA homeostasis.

Effect of RLA on energy charge. Insights into why acyl-CoA
synthetases are under RLA control have been reported for S. en-
terica (179). From this work, these authors learned that in this
bacterium, an imbalance in the protein acetyltransferase (SePat)/
sirtuin deacetylase (SeCobB) ratio has a profound effect on cell
growth under conditions that depend on the activity of acetyl-
CoA synthetase (SeAcs), i.e., �10 mM acetate as the sole source of
carbon and energy. Results from experiments where SePat was
ectopically synthesized under the control of an inducible pro-
moter showed that incremental levels of SePat eventually arrested
growth because the energy charge of the cell was lowered to a level
(0.17) that could not support growth. The depletion of ATP and
the concomitant production of AMP were determined to be the
reasons for the drop in the energy charge; that is, the cell did not
have enough ATP to convert AMP to ADP so the ATPase could
synthesize more ATP, thus restoring the energy charge of the cell.

Deacetylation and NAD� levels. Sirtuins require NAD� as a
cosubstrate, linking deacetylation to the availability of NAD� in
the cell. NAD� is the oxidized form of NADH, an important elec-
tron donor to the electron transport system, which generates the

FIG 15 CoA homeostasis. Shown is a schematic of the contributions of CoA and acetyl-CoA to cellular metabolism. CoASH, coenzyme A; Ac-CoA, acetyl-CoA,
O-AADPR, O-acetyl-ADP-ribose; Ac-P, acetyl-phosphate; Ac-AMP, acetyl-AMP, PPi, pyrophosphate; Pr-CoA, propionyl-CoA; �-KG, alpha-ketoglutarate;
OAA, oxaloacetate; Suc-CoA, succinyl-CoA; dP-CoA, dephospho-coenzyme A; AcAc-ACP, acetoacetyl-acyl carrier protein; KAS III, �-ketoacyl-(acyl-carrier-
protein) synthase III; MTA, malonyl-CoA:acyl carrier protein transacylase; PDH, pyruvate dehydrogenase complex; �-KGDH, �-ketoglutarate dehydrogenase
complex; SucCD, succinyl-CoA synthetase.
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proton motive force that drives the synthesis of ATP by the mem-
brane-bound ATPase. When bacteria are grown under conditions
with differing nutritional and oxygen availability, the NAD� pools
have greater variation than do the NADH pools (130). This sug-
gests that the NAD� pool is (i) dynamic and (ii) an important
reporter of the cellular carbon and energy status. For example,
growth conditions that generate high NAD� levels, like aerobic
respiration, could cause an increase in the deacetylation of sirtuin
targets. A recent report provided evidence of a new and unprece-
dented role for NAD� in cell physiology. Cahová et al. presented
experimental evidence supporting the idea that bacteria stabilize
RNA molecules by capping their 5= end with NAD� (235).
Whether NAD�-capped RNAs are substrates for sirtuins is an
intriguing possibility that should be explored.

Regulation of protein acetylation by cAMP. In E. coli, cAMP is
involved in catabolite repression, a process in which cells prefer-
entially use glucose and utilize other available carbon sources only
once glucose has been depleted. The global transcriptional regu-
lator Crp mediates this cAMP-dependent response (236). In my-
cobacteria, cAMP not only plays a role in basic physiology but also
acts as a secondary messenger and is involved in the rerouting of
host signaling during infection (237). Notably, M. tuberculosis has
15 adenylate cyclase enzymes for the production of cAMP,
whereas E. coli has only 1 (CyaA) (reviewed in reference 238). The
adenylate cyclases of M. tuberculosis are allosterically activated by
signals such as low pH (239, 240), bicarbonate/CO2 (241), and
saturated fatty acids (242), which occur during the course of in-
fection.

While cAMP concentrations do not fluctuate with the addition
of glucose to the medium, cAMP availability increases �50-fold
during macrophage infection (237). The entry of M. tuberculosis
into a nonreplicating persister or “quiescent” state during chronic
infection requires a significant downshift in metabolism, which is
thought to be achieved by diverting acetyl-CoA away from the
TCA cycle toward the synthesis of triacylglycerides (243). Myco-
bacteria accumulate and store triacylglycerides under stress con-
ditions, although their role is not fully understood.

In M. tuberculosis, cAMP is integral to the control of the RLA
system through the allosteric regulation of the acetyltransferase
MtPatA. It is possible that mycobacteria may use cAMP availabil-
ity to adjust flux through AMP-forming acyl-CoA synthetases, the
targets of MsPatA (192). Taken together, it is also conceivable that
M. tuberculosis would downregulate Acs activity as a mechanism
to reduce the available acetyl-CoA pool in order to slow down
cellular metabolism during chronic infection.

Cellular Stress and RLA

Mammalian sirtuins have been reported to play a role in cellular
protection by promoting positive effects on processes such as
DNA repair, cell survival, and stress resistance (reviewed in refer-
ence 244). Recent studies have shown that this effect is also con-
served in bacteria.

Deletion of the E. coli sirtuin deacetylase (EcCobB) increases
acetylation levels in the cell, which was shown to increase resis-
tance to both heat and oxidative stress (245). This same study
performed whole-transcriptome analysis of a �cobB strain and
found that many stress-related systems were repressed in this mu-
tant, including genes related to heat shock, osmotic stress, acid
resistance, cold shock, and carbon starvation (245). These data

provided compelling evidence that RLA is a mechanism used by
cells to respond to environmental stressors.

A recent acetylome study of M. tuberculosis identified that 10%
of the enzymes involved in fatty acid biosynthesis were acetylated
(143). Fatty acid biosynthesis in this organism has been shown to
play a role in colony morphology and biofilm formation. The
authors of that study demonstrated that deletion of the sirtuin
deacetylase in this organism (MRA_1161) resulted in a more
granular morphology, a decrease in biofilm formation, and in-
creased resistance to heat stress (143). These studies further sup-
port the hypothesis that RLA is a mechanism for protection
against environmental stresses.

TRANSCRIPTIONAL REGULATION OF GENES ENCODING RLA
ENZYMES

While the field is beginning to identify acetyltransferases, partner
deacetylases, and protein targets as well as to distinguish structural
determinants needed for recognition and enzyme regulation,
much remains unknown about the transcriptional regulation of
the genes encoding the components of the RLA systems.

Regulation of RLA Genes in Escherichia coli

The pka gene, which encodes the protein acetyltransferase of E.
coli, has a similar expression profile to that of acs, one of its target
substrates (177). When E. coli grows under certain conditions (i.e.,
glucose minimal medium), the TCA cycle cannot process acetyl-
CoA quickly enough and instead utilizes an overflow pathway to
excrete acetate. This acetate pool is later assimilated via Acs and
utilized by the cell when glucose is depleted (246).

This “acetate switch” is mediated in part by the expression level
of acs, which is low during exponential phase but increases dra-
matically in late exponential and early stationary phases (247).
Expression of acs is controlled by several transcription factors,
including the nucleoid proteins Fis and integration host factor
(IHF) as well as Crp (177, 248). Interestingly, the E. coli protein
acetyltransferase gene pka has an expression profile similar to that
of its target, acs, during growth on glucose (177). Transcription of
pka is also activated by Crp in response to cAMP levels (177). The
activation of pka and acs expression by Crp may represent a regu-
latory mimic of the direct cAMP-dependent activation of GNAT
activity observed in mycobacteria. At present, it appears that the
cobB gene encoding the sirtuin in E. coli is constitutively expressed
and is not dependent on cAMP levels (177).

Multiple Isoforms of the CobB Deacetylase Are Present in
Salmonella enterica

In S. enterica, the CobB sirtuin exists as two isoforms, due to the
presence of two independent start codons that are read in the same
open reading frame. This results in the production of a long iso-
form (CobBL) (273 amino acids [aa]) and a short isoform (CobBS)
(236 aa), which lacks 37 of the amino acids present in CobBL

(249). Interestingly, both the CobBL and CobBS isoforms are ac-
tive, although CobBS is the dominant isoform in vivo and is pro-
duced at �10-fold-higher levels (249). The presence of the dual
start codons is not limited to S. enterica and is found throughout
the enterobacteria. The physiological relevance of CobBL and
CobBS and their contribution to RLA are currently unknown.

CONCLUSIONS

RLA is an emerging field in prokaryotes that is advancing by leaps
and bounds through the use of high-throughput and detailed
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mechanistic studies in a variety of organisms. Validation of ideas
obtained through global “omics” approaches is key to improving
our understanding of the role of RLA. GNAT protein acetyltrans-
ferases and their cognate protein deacetylases have been identified
in bacteria, archaea, and eukaryotes. The abundance of GNATs in
cells of all domains of life is a strong indicator of the relevance of
these enzymes to life. Although the physiological role of the ma-
jority of these enzymes remains unknown, and the elucidation of
their function is a challenge to cell physiologists, efforts to advance
this research area will likely provide valuable insights into the
strategies used by cells to cope with metabolic stress.
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ADDENDUM IN PROOF

In a study accepted for publication after our manuscript was written
[K. L. Hentchel, S. Thao, P. J. Intile, and J. C. Escalante-Semerena,
mBio 6(4):e00891-15, 2015, in press], the authors report insights into
the regulatory circuitry that integrates the expression of genes encod-
ing the protein acetyltransferase, the sirtuin deacetylase, and the
acetyl-CoA synthetase enzymes of Salmonella enterica.
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